The present work considers an adsorptive removal of Indigo carmine (IC) dye onto nanotube carbon (CNTs). The pure CNTs were prepared via chemical vapor deposition (CVD) method utilizing methane gas as a carbon source at 1000 °C in a quartz tube. The morphology and surface chemical structure of the adsorbents were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), nitrogen adsorption/desorption technique, and thermal gravity analysis (TGA). The parameters of the IC dye adsorption, such as initial concentration, contact time, pH, and mass-loaded adsorbent, were evaluated. The kinetic study confirmed that a pseudo-second-order model was best fitted to the adsorption data. The removal efficiency of adsorption onto pure and COOH-functionalized CNTs was 84% and 98.7% at 15 min, respectively. The equilibrium results were fitted well to the Langmuir isotherm model. The adsorption capacity of the CNT and COOH-CNT was 88.5 and 136 mg/g, respectively. The reusability of the adsorbents was studied, and after eight cycles, the efficiency decreased to 70%. Moreover, the density functional theory calculations confirmed that the functionalization of CNTs with COOH groups improves the adsorption properties of IC due to the formation of hydrogen-bonding interactions.
Introduction
Dye affects human health directly, so the water treatment process is expanded with a significantly increasing trend. The existence of a double bond in the structure of IC dye causes it to be a permanent dye that is being utilized in the industry for coloring. There are salts and organic materials in the wastewater of the textile dye in a high amount. However, this dye harms the lives of humans, as it is carcinogenic, and leads to allergy [1] [2] [3] . Moreover, disturbances of IC on the environment are noticeable and hence pose many threats to the ecosystem. Various dye removal methods from wastewater are available. These include ultrafiltration [4] , electrochemical [5] , and adsorption [6] techniques. Unfortunately, the utilization of the above methods has some crucial such as low removal efficiency, expensive cost, and catalytic reduction [7] [8] [9] . Among these dye removal techniques, adsorption is highlighted as an advanced, efficient, and economical method in low temperature and pressure conditions with a low-cost adsorbent. The adsorption process is the most conventional method. In this regard, vast numbers of low-cost adsorbents have been studied to remove such pollutants [9] . Various materials have been concerned for adsorption of dyes for water treatment, such as biomass-derived adsorbents [10, 11] . Studies focused that activated carbons are suitable and promising adsorbent for organic water pollutants. The wastewater treatment with activated carbon is an effective method. Activated carbon is being extensively employed to remove unpleasant compounds, including different dyes, pigments, and other pollutants [12] . Activated carbon is one of the considerable potentials in treating wastewater, as it possesses high surface area, high efficiency in removing dyes, and high adsorption capacity. Most of the pollutants which are present in wastewater could be removed by active carbon synthesized from different sources [12, 13] .
Because of the large surface area, low cost, facile synthesis, and π-electrons on the surface, easy availability, and various functional groups on the surface of the CNTs, these carbonous honey ball structures have found many potential applications in different research fields like of water purification [14, 15] . One of the effective treatment methods of wastewaters is considered with carbon nanotubes for the removal of various dye from waste solution due to its large surface area, porous nature, high adsorption capacity, high purity, and easy availability [1, 14] . Lin and Xing [14] have evaluated the adsorption of aromatic compounds with the aid of carbon nanotubes. They confirmed that the adsorption of aromatic compounds by CNTs increases with increasing the number of aromatic rings and was greatly enhanced by -OH substitution. They also investigated the role of aromatic structure and -OH substitution in the polar aromatics-CNTs' structure. Figure 1 shows the IC schematic, including four benzene rings with a double link inside them and two sulfonated negative-charged groups [16] . As the chemical structure of the IC dye is complicated, so the novel, economical, low-cost adsorbents should be introduced to the industry. Recently, researchers [17, 18] have attracted the vast usage of the nanomaterial because of the large specific area and high reactivity and simplicity in surface functionality.
This research focuses on dye removal through adsorption by utilization of an adsorbent, where the equilibrium content of the adsorbed IC dye, the amount of used adsorbent, temperature, duration of the adsorption process, and pH of the solution are studied. In the evaluation of the adsorption parameters, the optimum values of the parameters are calculated by changing one parameter and keeping the other one constant. By the combination of experimental results and density functional theory simulations, we study the adsorbent capacity of the pure and COOH functionalized carbon nanotubes (CNTs), and also compare the kinetics, isotherm, and adsorption capacity of the adsorbents to select the appropriate adsorbent for IC dye removal.
Materials and methods

Adsorbents
Synthesis of CNTs
The synthesis of CNTs as adsorbents was carried out by chemical vapor deposition (CVD) protocol [19] . The catalytic reaction was utilized by Co-Mo/MgO catalyst in a quartz tube furnace reactor at 1000 °C for 30 min. The CVD reaction was performed using methane and hydrogen as a carbon source. The flow rate of the methane was 50 ml/min, and hydrogen passes through the tubular reactor with a 250 ml/min flow rate as the carrier gas. The furnace temperature was decreased and cooled to room temperature under argon atmosphere. After completion of the reaction, the black material was synthesized. The black product is mixed with HCl solution for about 16 h, due to refine the synthesized CNT and then wash with distillate water several times to maintain the pH in the neutral range.
Synthesis of CNT-COOH
To prepare the CNTs with carboxylic functionalized groups (COOH-CNT), sulfuric acid, and nitric acid was stirred with a 3:1 volumetric ratio, and then, CNTs were dispersed into above solution and sonicated for 3 hours. After that, the CNTs were washed with deionized water until the neutral solution pH, and then, the mixture was filtered and dried at 120 °C. The recited procedure is designed to synthesize the functionalized carbon nanotubes with covalent carboxylic groups (COOH-CNTs).
Adsorption experiment
The series of batch adsorption experiments were performed in a 250 ml flask with the utilization of CNT and CNT-COOH as adsorbents. According to the procedure [20] , 1 g of adsorbent was added to a 100 ml solution containing IC dye with various concentrations. The flasks were shaken by rotary shaker (ASRS-124 G25 model) with 200 rpm at 25 °C for 30 min. The effect of the adsorption process parameters such as temperature, time contact, mass loaded, and dye concentration was investigated, and the optimum values were achieved. UV-visible spectrophotometric detector (Shimadzu, Kyoto, Japan), which was set at 215 nm, determined the equilibrium concentration of the solution after the adsorption process. Equations calculated the values of the adsorption capacity of both where q is the adsorbent capacity (mg/g), C 0 , and C e are the initial dye concentration and equilibrium adsorbate concentration (mg/l), respectively, m is mass loaded of adsorbent (g), and V is the volume of the solution (ml).
Kinetic modeling
A kinetic study was introduced to determine the rate-controlling step and rate constant of the IC adsorption onto the prepared adsorbents. In this research, the kinetic modeling study was checked by pseudo-first-order, pseudo-secondorder, and intraparticle models. Equation 3 shows the linear form of the pseudo-first-order model [21] :
where q e and q are the IC-adsorbed amount in mg/g at equilibrium time and contact time, and k 1 is the kinetic rate constant of pseudo-first-order model, which is accrued from the slope of the ln q e − q vs. time linear regression.
Pseudo-second-order model constants [21] are calculated from Eq. 4:
where q e and q are adsorbent capacities at equilibrium and respective time, and k 2 is the pseudo-second-order rate constant. q e and k 2 are calculated from the slope and intercept of the linear regression of the t/q vs. time.
Weber and Morris have announced the intraparticle diffusion model to distinguish the mass transfer resistance of the adsorption process onto the adsorbent [21] . The model is given by Eq. 5:
where k i is the intraparticle model constant which is calculated from the slope of Eq. 5. The parameter C, a constant related to the thickness of the boundary layer, was obtained from the intercept of Eq. 5.
Isotherm study
Adsorbent capacity was evaluated from equilibrium data and adsorption isotherm studies. The isotherm equilibrium data
were calculated from different concentration solutions of the dye adsorption. In this present work, two models were revealed and consist of Langmuir and Freundlich models. In Eq. 6, the linear form of the Langmuir model [1, 22] is given, which in the Langmuir model, the adsorption process is assumed to do on a homogeneous surface by monolayer adsorption:
where the adsorbent equilibrium capacity is indicated by q e (mg/g), C e is the equilibrium concentration of the adsorbate (mg/L), Q 0 is the adsorption capacity of the monolayer (mg/g) and b is the adsorption constant of the free energy.
As known, the Freundlich model [1, 22] assumes the multilayer with reversible adsorption on the non-uniform distribution of the active site. Equation 7 includes the linear form of the Freundlich model. k F and n reflect the Freundlich parameter, which n implies a scale of the heterogeneity of the adsorbent surface:
where q e indicates the equilibrium adsorption capacity in mg/g, and C e is the IC dye concentration at equilibrium in mg/l, k f , and n are obtained from the slope and intercept of the linear equation of the ln(q e ) vs. ln(C e ).
In the Tempkin isotherm model, the heat of adsorption should decrease linearly with the surface coverage. The Tempkin isotherm constant, A T in l/g, and B in J/mol are related to the heat of adsorption. In Tempkin isotherm assumption, the interaction between the adsorbate and adsorbent is highlighted [1, 22] :
In Dubinin-Radushkevich (D-R) isotherm model (Eq. 9), q s is the D-R constant, and ε can be obtained from Eq. 10. R = 8.314 (J/mol K) is the gas constant, and T indicates the temperature in °K. In Eq. 11, E is labeled as the adsorption energy (kJ/mol), and constant B gives the mean free energy of adsorption. The values of E < 40 kJ/mol suggest physical adsorption, while E > 40 kJ/mol denotes chemical adsorption:
Characterization of the synthesized materials
The formation of the CNT samples was investigated by X-ray diffraction (XRD) patterns (Phillips PW 1840 X-ray diffractometer with CuKα X-ray radiation source). The morphology of the synthesized materials was determined by scanning electron microscopy (SEM) instrument utilization of Mira 3-XMU model with accelerating potential 7.0 kV. The surface bonding and surface chemical were examined by Fourier transform infrared spectra (FTIR) in the frequency range of 4000-400 cm −1 by KBr pellets. The surface area and porous characterization were analyzed with N 2 adsorption/desorption at 77 K overnight by Micromeritics ASAP 2010 system using Brunauer-Emmett-Teller (BET) isotherm. To evaluate the stability of the synthesized adsorbents, Thermo gravimetric analysis (TGA) was implemented between 20 and 700 °C by SDT Q600, UK, with a heating rate of 10 °C/min under N 2 atmosphere. The functionalization is proven by comparing the weight loss of the pristine CNT and COOH-CNT, respectively.
Computational details
All the spin-restricted DFT calculations were performed using the DMol 3 program [23, 24] . The generalized gradient approximation with the Perdew-Burke-Ernzernhof (PBE) [25] functional was used to treat the exchange-correlation interactions. The Grimme scheme modified the van der Waals interactions effect [26, 27] . A double numerical plus polarization (DNP) basis set was adopted for all atoms. A Fermi smearing parameter of 0.005 Ha was used in the calculations. The convergence tolerance for energy change, maximum force, and maximum displacement were 1 × 10 −5 Ha, 0.001 Ha Å −1 , and 0.005 Å, respectively. To simulated pure CNT, a large truncated (6, 6) single-walled tube containing 204 carbon atoms was constructed. Both ends of the truncated CNT segments were capped with hydrogen atoms to saturate dangling bonds. Then, COOH-CNT was obtained by the functionalization of pure CNT with COOH groups. The adsorption energy (E ads ) of each adsorbate was obtained by where E IC/CNT , E IC , and E CNT are the total energies of the IC over pure or COOH functionalized CNT, the IC, and CNT, respectively.
Results and discussion
Characterization of adsorbents
XRD patterns of the synthesized CNT affirm their graphitic crystal structure, which is due to their inherent property. In Fig. 2 , the peaks at 2θ = 24.9, 42.1°, indicating the CNT materials prepared by the CVD method [22] [23] [24] [25] [26] [27] [28] [29] [30] . The only difference between the CNT and COOH-CNT pattern is the broadening of the peaks. The reason for the peak broadening is the functionalization of the CNT. The functional group interrupts the surface of the CNT wall, and therefore, the crystallinity of the CNTs declines.
The FESEM feature of the CNTs tubes is shown in Fig. 3a , b. As Fig. 3a, b demonstrates, the diameter range of the synthesized CNTs is varied from 12 to 62 nm. Compared to the pristine CNT, the COOH-CNT becomes shorter in the FESEM image due to the acid fragment.
The FTIR spectra were recorded to investigate the chemical structure of the pristine CNT and COOH-CNT. The FTIR records of the pristine CNT and COOH-CNT are compared in Fig. 4 . The characteristic peaks of the synthesized COOH-CNT are presented at 1074, 1718, 1655, and 3433 cm −1 , which can be assigned to C-O, C = C, C = O, -OH, respectively. It is evident from the comparison of the CNT and COOH-CNT FTIR spectra that the peaks at 1074 and 1718 cm −1 belong to the stretching vibration of C = O and C-O in the carboxylic group, respectively [28] . The peak around 1635 cm −1 refers to C = C graphene sheet bonds of the synthesized CNT. The peaks at 2920 and 2850 cm −1 verify the C − H stretch mode of H − C=O in the carboxyl group on the CNT surface. The FTIR peaks for CNT illustrate stretching vibrations of O-H, C-H, and C-O at 3430 and 3433 [29] . The surface study parameters such as surface area, pore size, and pore volume of the synthesized adsorbent are listed in Table 1 . The characteristic properties such as surface area, pore size, and pore volume are so sensitive for the synthesis protocol. The enhancement of the surface area and pore volume and depletion of the average pore diameter are concluded from data in Table 1 . The functionalization seems to be outstanding at controlling the properties that its reason may be responsible for the acidification changes of the CNT walls until the acid treatment.
The pore size distribution is presented in Fig. 5a . The pore size distribution of COOH-CNT corresponds to the dominant peaks lower than 50 nm. The N 2 adsorption/desorption isotherm at Fig. 5b indicates the mesoporous structure for synthesized adsorbent due to the hysteresis loops of type IV. Examination of the thermal stability, decomposition pattern, and verification of the functionalization carries out by Thermal gravity analysis (TGA). As Fig. 6 indicates, the distinction of the weight loss at 500 °C for CNT and COOH-CNT is about 8%, which proves the successful functionalization of the carboxylic groups on the CNT surface. The weight loss of 1% and 5% below the 145 °C regards to the evaporation of the absorbed moisture on CNTs surfaces. A considerable weight loss is observed between 145 and 350 °C that belongs to the decomposition of the carboxyl group and impurities. The third step of the weight loss in the range of 350-500 °C is related to the dismissal of the oxygen group of the carboxyl that may cause the structural collapse [30] . Removing the amorphous carbons is performed at the temperature above 500 °C.
The effect of adsorbent mass
The effect of the loaded adsorbent is studied to obtain the optimized adsorbent mass and effectiveness of the adsorbent with the minimum amount. In this part of the experiment, the parallel series of adsorption tests are carried out with CNT and COOH-CNT as adsorbents. Different amounts of adsorbent (0.1-1 g) are introduced to the IC dye at 100 ppm concentration and 25 °C. Figure 7 shows the effect of adsorbent mass loaded on the dye removal efficiency. The increase of the adsorbent dosage causes the high removal efficiency of the IC dye. The maximum removal efficiency of the IC dye achieves with the use of 0.5 g of the adsorbent. Comparing the pure CNT and COOH-CNT as an adsorbent, the removal efficiency of the COOH-CNT is higher than pure CNT. The CNT and COOH-CNT equilibrium capacity were calculated as 88.5 and 136 mg/g within 15 min at room temperature for 100 ppm initial concentration of IC dye, respectively.
Laszlo et al. [32] have suggested three mechanisms for the adsorption of aromatic cycles onto the adsorbents. They are (1) electron donor-acceptor interaction between aromatic cycles of the adsorbate and oxygenate groups on the surface of the adsorbent, (2) electrostatic attraction and repulsion between ions of adsorbate and adsorbent, and (3) interaction between π electrons of the aromatic structure of the adsorbate and π electrons of the graphitic nature of the CNT [33, 34] . The observation of the COOH-CNT adsorption mechanism indicates that in addition to IC dye removal by the mentioned mechanisms above, and it also eliminates the IC dye from the liquid phase by hydrogen bonding mechanism, which makes the IC dye removal more quickly. The -COOH bonding and -N-H, -O-H bonding on the IC dye surface, which has been proven by FTIR spectra, provokes the hydrogen bonding. The FTIR spectra after the adsorption process are recorded in Fig. 8 . The broadband about 3400 cm −1 is assigned to the vibration formed by hydrogen-bonded -O-H groups in the adsorbent and adsorbate molecules. There is broadband that is presented by the peak at 3390, 3433 cm −1 shows the hydrogen bonding in comparison to the FTIR analysis before the adsorption process [35, 36] . Due to the aromatic and honey ball structure of pristine CNT, the main interaction of the pristine CNT and IC dye can be considered as the π-π interaction.
The effect of pH
The pH evaluation of the IC dye adsorption on the CNT and COOH-CNT is performed in this research. The CNT adsorption capacity is affected by factors such as pore structure, functional groups hydrogen, electrostatic bonding, and pH [32] . A series of parallel experiments are done to evaluate the effect of the pH on the IC dye removal utilization of 0.5 g adsorbent, 100 ppm initial concentration of IC dye at 25 °C. The data of the pH effect on the IC dye Fig. 9 . According to Fig. 9 , the optimum value of the pH is about 6. This result is explained by considering the adsorbent pH at the point of zero charges (pH pzc ) [28] [29] [30] [31] . The pH pzc of this experiment is reported at 5.5 [37] . The negative charge of the adsorbent surface in the solution with pH higher than pH pzc , which is so efficacious in the adsorption of the cationic dyes. Due to the electrostatic repulsion between the positive charge of the IC dye and negative charge of the carboxyl on the cylindrical surface of the COOH-CNT, the adsorption capacity of COOH-CNT has bigger than pristine CNT.
Adsorption kinetics
The experiments were performed at different adsorption times, 25 °C and 100 ppm initial concentration of IC dye. Figure 10 represents the effect of contact time on the removal efficiency of IC dye. The removal efficiency of IC dye increases by enhancement of the contact time, but after 15 min, the solution receives to the equilibrium point, so after that point, the removal efficiency becomes constant. As shown in Fig. 10 , COOH-CNT receives to the equilibrium time quicker than pristine CNT, as a result of the hydrogen bonding as an adsorption mechanism and more adsorption sites of the COOH-CNT because of functionalizing the CNT. The removal efficiency of the IC dye onto COOH-CNT is about 98.7% at 15 min, and for CNT, this result is about 84% at 15 min. It is concluded that the adsorption mechanism of the IC dye on the CNT is not the same as COOH-CNT, which is discussed in the previous section.
In this research, three models of the kinetic study are considered. To determine the rate-controlling step of the adsorption process, the linearized forms of these models (Eqs. 3, 4, and 5) are plotted in Figs. s1 and s2 . The values of the parameters of the pseudo-first-order model (k 1 and q e ) are calculated for IC dye adsorption onto the CNT and COOH-CNT. Figures s1b and s2b show the plot of the pseudo-second-order model where t/q vs. time. The parameters of the pseudo-second-order model (k 2 and q e ) are listed in Table 2 . The intraparticle model is shown in Figs. s1c and  s2c . The parameters of this model are obtained from the linearized form where k i is plotted against t 1/2 . The observations based on the regression coefficient (R 2 > 0.9) suggest that pseudo-second-order is a more suitable model than the pseudo-first-order model for adsorption of IC dye onto the CNT and COOH-CNT. The summarized data of Table 2 indicate that the calculated equilibrium capacity of the adsorbent is equally as the experimental one in the pseudosecond model for both adsorbents. According to the results, the pseudo-second-order model is fitted well for the kinetic data of the IC dye adsorption onto CNT and COOH-CNT.
There are steps in the adsorption process: (1) transport from bulk (film) to the external surface of the adsorbent; (2) transport from the external surface of the adsorbents to the pores (intraparticle) of the adsorbent; and (3) adsorption of the adsorbate onto the adsorbent surface [38] [39] [40] . These facts can be discussed from the intraparticle kinetic model. In Figs. s1c and s2c , two stages of the adsorption process are witnessed, which the first stage with a sharp slope, and the second one is so mild. Besides the data of Table 2 , verify this change. The first step is to emphasize the boundary layer effect on the IC dye adsorption onto the adsorbent [41] that is introduced as a fast step in the adsorption process. The second portion is due to the intraparticle diffusion of the IC dye molecules within the CNT and COOH-CNT pores. The second region, because of the slowest portion, is defined as a rate-controlling step. It can be concluded that intraparticle diffusion mass transfer controls the adsorption of the IC dye onto the CNT and COOH-CNT as adsorbents. Figure 11 presents samples containing IC dye solution before and after adsorption onto COOH-CNT that has been conducted for 10 min, and 15 min.
Isotherm study
A parallel series of experiments are performed to determine the effect of IC dye initial concentration on adsorbent capacity using different values of IC dye concentration. The results are shown in Fig. 12 . The enhancement of the IC dye initial concentration increases the capacity of the adsorbent. It is because the increase in the driving force increases the mass transfer flux. Besides, the removal efficiency of the IC dye adsorption rises by initial IC dye concentration increase. The high adsorption capacity of the COOH-CNT is due to the functional groups compared with that of pristine CNT. In Figs. s3 and s4 , the isotherm models are plotted for CNT and COOH-CNT. The equilibrium data are summarized in Table 3 . According to Table 3 , the Langmuir isotherm model (R 2 = 1) is a suitable model for adsorption isotherm data. The homogeneous active site is confirmed in the IC dye adsorption process that is alignment with the Langmuir model assumption. The proper suitability of the equilibrium data with the Langmuir model implies that the monolayer coverage of IC dye adsorption onto the CNT and COOH-CNT. The favorability of the IC dye adsorption is assessed with the R L coefficient. The value of R L is achieved by 1/(1 + b × C 0 ). For IC, dye adsorption onto the adsorbents is calculated in Table 3 . According to the literature,0 < R L < 1 indicates the favorable adsorption process [42] [43] [44] . The value of the IC dye adsorption onto the CNT and COOH-CNT becomes 0.41 and 0.53, respectively. As the Tempkin model is focused on the interactions between the adsorbent and adsorbate, this model can be used to elucidate IC dye adsorption on the carbon-based adsorbent.
Desorption and adsorbents regeneration experiments
A set of desorption experiments was carried out by alkaline and acidic solution for a limited time to check the reusability of the selected adsorbent (COOH-CNT). In this research, COOH-CNT was washed by alkaline solution (sodium hydroxide solution) in soxhlet extractor then was rinsed with the deionized water to reach the neutral pH. The removal efficiency of the selected adsorbent is calculated after each regeneration process; the results are plotted in Fig. 13 . It is revealed from Fig. 13 that the removal efficiency (%) is decreased after the eight cycle regeneration process. In the first-to-sixth cycle, the removal efficiency of the IC dye has not changed noticeably, but after the sixth cycle, the removal efficiency is declined to 70%. FESEM image in Fig. 14 is shown after eight cycle regeneration; the adsorption capacity is reduced due to the destruction of the active sites of the adsorbent. In Table 4 , the comparison of the adsorption capacities of different adsorbents for dye adsorption is summarized. In comparison with other synthesized adsorbents, the CNT based adsorbents have an excellent potential to adsorption-desorption process. 
DFT results
To obtain a detailed understanding of the adsorption mechanism of IC over pure and COOH functionalized CNTs, highlevel DFT calculations were performed on some appropriate model compounds. Taking the armchair (6, 6) CNT as the representative, the adsorption of IC molecule on both pure and COOH-functionalized CNTs was compared in detail. Figure s5 of Supporting Information shows the optimized structure of truncated (6, 6) pure and COOH-functionalized CNTs. The calculated average C-C bond distance in the pure CNT is about 1.43 Å, which is in excellent agreement with the previous theoretical reports [45, 46] . According to our results, the attachment of -COOH groups on the surface and edges of CNT are energetically favorable. The average adsorption energy of the COOH group on the pure CNT is about − 130 kJ/mol, which is good agreement with that obtained in the earlier theoretical studies [47] . Note that this value is the highest (more negative) among all other possible configurations, most likely due to the less steric repulsion between the COOH groups. Meanwhile, the attachment of COOH pulls out the C atom of CNT a little from the tube wall, leading to a local rehybridization at the adsorption site. Consequently, a small radial distortion appears on the tube wall, as shown in Fig. s5 . Besides, the electron density analysis of pure and COOH-modified CNTs indicates that the addition of COOH groups tends to induce some charge redistribution above the CNT surface. There is also a quite small charge transfer (≈ 0.08 e, according to the Mulliken charge density analysis) from each COOH group to the CNT, indicating that the CNT acts as an electron acceptor in COOH-CNT. Besides, the regions with the smallest electron density in COOH-CNT are associated with the hydrogen atom of COOH groups, which implies the potential of these sites to interact with electron-rich moieties. Figure 15 shows the most stable configuration of the IC molecule over pure and COOH-functionalized CNTs. As seen, the IC molecule adopts almost a parallel configuration over the pure CNT, with a binding distance of 3.35 Å. The corresponding adsorption energy is calculated to be − 69.7 kJ/ mol, which indicates that the IC molecule is stably adsorbed over the pure CNT. As noted above, the main driving force for the adsorption of IC over the pure CNT is the attractive π-πstacking interactions between the aromatic rings of IC and the delocalized electronic π cloud of the CNT. Due to this weak interaction, a negligible charge (0.15 e) transfers from the IC to the CNT. Due to our DFT results, the IC is firmly attached to the COOH groups of COOH-CNT via the formation of hydrogen-bonding interactions (Fig. 15b ). In addition to these hydrogen-bonding interactions, one can also expect that the functionalization of the CNT with the COOH groups enhances the strength of π-π interaction between the IC and CNT due to the polarization of the tube surface. The adsorption energy of IC over the COOH-CNT is − 180.5 kJ/mol, which is much larger than that of over pure CNT. This indicates that the presence of COOH groups activates the surface of CNT towards the IC molecule. Consequently, the COOH-CNTs can be regarded as promising and potential materials to remove IC molecule from wastewater.
Conclusion
In the present research, the deep adsorptive removal of IC dye from the liquid phase was carried out using the pure CNT and COOH-CNT as adsorbents. A parallel series of adsorption experiments were done to investigate and optimize the process parameters. We found that compared to the pure CNT, the COOH-CNT exhibits more considerable potential for IC dye removal from wastewater. The adsorption mechanism of the pristine CNT was obtained as the π-π interaction between the adsorbate and adsorbent. In addition to this mechanism, the adsorption of IC over COOH-CNT proceeds via the formation of hydrogen bonding interaction, which causes a fast adsorption process compared to the pristine CNT. The mass of the adsorbent loaded as an adsorption parameter was evaluated, and the optimum amount was 0.5 g. The equilibrium capacity of the CNT and COOH-CNT was 88.5 and 136 mg/g within 15 min at room temperature for 100 ppm initial concentration of IC dye. The Langmuir model was so suitable for the equilibrium data, which was indicated the monolayer adsorption process. The R L coefficient of the Langmuir was 0.53 for COOH-CNT, focused on the favorable adsorption process. The kinetic data were fitted the pseudo-second-order model well, which indicated the chemisorption process for IC dye adsorption removal. The rate-controlling step of the IC dye adsorption was substantiated in the pore diffusion and intraparticle step. Moreover, CNT-based adsorbents presented good reusability behavior. The DFT calculations revealed that the functionalization of CNT with COOH groups enhances the adsorption energy of the IC via the formation of hydrogen-bonding interactions. In conclusion, CNT was a promising alternative for IC dye removal from wastewater.
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